We monitored the growth of 22 retrogressive thaw slumps (RTS), dramatic erosion features associated with thaw of permafrost, in the Noatak Valley of northern Alaska using high-resolution structure-from-motion digital photogrammetry. We created time-series of 3-6 Digital Elevation Models (DEMs) and orthophoto mosaics during the time period from 2010-2016 at each slump, using high-resolution digital single-lens reflex (SLR) photographs taken from airplanes or helicopters. DEMs created using airborne GPS camera locations were adequate to detect elevations changes as small as 10 to 15 cm. Measurements made on these DEMs and orthophotographs showed slump growth rates of up to 38 m yr −1 , with the fastest rates on slumps with scarps of moderate height (1 to 4 m) exposing Pleistocene glacial ice. Most of the slumps grew at constant or declining rates during the study, apparently as a result of the slumps encountering more gentle topography as they expanded upslope. Sedimentation was predominantly on the slump floor within 40 m of the active scarp, and the zone of accumulation migrated upslope with the scarp, away from adjacent water bodies. This study demonstrates that low-cost cameras coupled with airborne GPS and no ground control are suitable for monitoring geomorphic change on the order of decimeters and are a powerful tool for monitoring in remote settings.
Introduction
Among the most dramatic erosion features associated with permafrost thaw in northern Alaska are retrogressive thaw slumps [1] (RTS; Figure 1 ). Retrogressive thaw slumps occur where an escarpment retreats by thaw of ice-rich permafrost [2] . Ice-rich material of substantial thickness (e.g., a meter or more) and lateral extent is needed to produce an RTS [3] . The escarpment typically migrates up a gentle slope; material falls or slides onto the adjacent slump floor, and then is transported further downslope by flow or water erosion. RTSs often occur near rivers, lakes, or the ocean and can shed large amounts of sediment into the adjacent water body [4, 5] . Disturbance of the vegetation and organic surface soil layers by slumping results in increased soil temperatures, soil pH, and shrub productivity [6, 7] . Warming temperatures of recent decades in the arctic have been linked to increased activity of RTS [3, [8] [9] [10] [11] .
Numerous RTS have been identified in the National Parks of northern Alaska [12, 13] . The National Park Service (NPS) has selected a set of relatively large and high-impact RTS for intensive monitoring by detailed three-dimensional (3D) modeling and analysis of changes over time [14] [15] [16] . This monitoring is a part of the long-term permafrost monitoring program of the NPS the Arctic Inventory and Monitoring Network (ARCN) [17, 18] . Structure-from-motion (SfM) digital photogrammetry has been used with great success in topographic studies in recent years [19] [20] [21] [22] . The vast majority of SfM studies to date have relied on ground control points to scale and georeference the digital elevation models (DEMs) and orthophotographs obtained from SfM processing. In our remote study area, ground control can only be obtained with expensive helicopter landings, leading us to seek an alternative method, based on airborne GPS, that was developed over the course of this study.
We monitored the 3D form of 22 RTS by creating time-series of photogrammetric digital elevation models (DEMs) and orthophotomosaics. Our time-series starts with high resolution satellite images (IKONOS) taken in 2008. Our earliest DEMs were made in 2010 by taking hand-held oblique photographs from a helicopter or fixed-wing aircraft with no onboard GPS, by the first author. The resulting SfM models were scaled by helicopter landings and placement of aerial targets and total station survey of the targets, in one year, and other years were registered to the resulting model using natural landmarks [14] [15] [16] . Beginning in 2013, we began using fixed-wing aircraft with a vertically mounted camera coupled to a survey-grade GPS with precise timing, operated by the second author, at first through the University of Alaska Fairbanks and then commercially starting in 2016 [23, 24] . The development of software that could georeference a 3D model from camera GPS locations alone made it possible to forego helicopter landings, making our operations less expensive and less time-consuming. We used natural landmarks visible on our pre-2013 oblique photographs and the 2013-2016 georeferenced models to register DEMs and orthophotos from the earlier oblique photos. These oblique photo-derived DEMs were less accurate but still useful for extending our time series.
While previous studies have investigated the distribution and growth of RTS in relation to environmental factors [3, [8] [9] [10] [25] [26] [27] [28] [29] [30] [31] , our methods provide greater spatial and temporal resolution in 3D than previous studies. Here we use this unique data set to increase our understanding of the growth rates and factors that influence them in the RTS of the Noatak Valley of northern Alaska.
In this report we refer to the steep, migrating face of an RTS as the "main scarp," in keeping with the geological literature on landslides and mass movements [32] , rather than the "headwall," a glaciological term with another meaning that has become widespread in the RTS literature. Structure-from-motion (SfM) digital photogrammetry has been used with great success in topographic studies in recent years [19] [20] [21] [22] . The vast majority of SfM studies to date have relied on ground control points to scale and georeference the digital elevation models (DEMs) and orthophotographs obtained from SfM processing. In our remote study area, ground control can only be obtained with expensive helicopter landings, leading us to seek an alternative method, based on airborne GPS, that was developed over the course of this study.
While previous studies have investigated the distribution and growth of RTS in relation to environmental factors [3, [8] [9] [10] [25] [26] [27] [28] [29] [30] [31] , our methods provide greater spatial and temporal resolution in 3D than previous studies. Here we use this unique data set to increase our understanding of the growth rates and factors that influence them in the RTS of the Noatak Valley of northern Alaska. In this report we refer to the steep, migrating face of an RTS as the "main scarp," in keeping with the geological literature on landslides and mass movements [32] , rather than the "headwall," a glaciological term with another meaning that has become widespread in the RTS literature.
Materials and Methods

Study Area
We monitored the growth of 22 retrogressive thaw slumps located in the Noatak River basin of northern Alaska (Figure 2 ; slump coordinates are given in the Supplementary Online Materials Table S1 ). This is a region of continuous permafrost [33] and arctic tundra vegetation of cotton sedge (Eriophorum), sedges (Carex), and various low to mid-sized shrubs (Betula, Salix, Vaccinium, and Dryas sp.) [34] .
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We monitored the growth of 22 retrogressive thaw slumps located in the Noatak River basin of northern Alaska (Figure 2 ; slump coordinates are given in the Supplementary Online Materials Table  S1 ). This is a region of continuous permafrost [33] and arctic tundra vegetation of cotton sedge (Eriophorum), sedges (Carex), and various low to mid-sized shrubs (Betula, Salix, Vaccinium, and Dryas sp.) [34] . The study area was glaciated during the late Pleistocene, and the study slumps are mostly in glacial deposits from the Itkillik I and Itkillik II glaciations [35] . The Itkillik II glaciation coincided with the last worldwide glacial maximum (marine isotope stage II). The Itkillik I glaciations are older than the Itkillik II but occurred after the previous interglacial [35, 36] . Relict glacial ice from these advances has been observed in escarpments of retrogressive thaw slumps [13, 14] .
The mean annual, mean July, and mean January temperatures at the nearest long-term weather station, the Noatak Remote Automated Weather Station (RAWS; Figure 2 ) for the period of record (1990-2016) were −7.0, +12.8, and −23.7 °C, respectively [37] . The thaw season (daily means above 0 °C) typically runs from mid-May through mid-September. The annual total thaw degree-days (TDD; degree-days with base temperature of 0 °C) at Noatak RAWS averaged 1237 degree-days for 2008-2016 (the time interval for most of our data). Trends in TDDs over the period of record ( Figure S1 ) were weak; linear regression and a Mann-Kendall test for monotonic trend for the period 1990-2016 Figure 2 . Location of the study area. The study slumps are marked with a plus sign (+) and labeled with the three digits from the slump identifiers used in the text and tables. The inset maps show the overall location (lower left) and detail of the slump-rich portion of the eastern Noatak Valley (lower right). Locations of the Kelly and Noatak RAWS (weather stations) are also shown.
The study area was glaciated during the late Pleistocene, and the study slumps are mostly in glacial deposits from the Itkillik I and Itkillik II glaciations [35] . The Itkillik II glaciation coincided with the last worldwide glacial maximum (marine isotope stage II). The Itkillik I glaciations are older than the Itkillik II but occurred after the previous interglacial [35, 36] . Relict glacial ice from these advances has been observed in escarpments of retrogressive thaw slumps [13, 14] . The mean annual, mean July, and mean January temperatures at the nearest long-term weather station, the Noatak Remote Automated Weather Station (RAWS; Figure 2 ) for the period of record (1990-2016) were −7.0, +12.8, and −23.7 • C, respectively [37] . The thaw season (daily means above 0 • C) typically runs from mid-May through mid-September. The annual total thaw degree-days (TDD; degree-days with base temperature of 0 • C) at Noatak RAWS averaged 1237 degree-days for 2008-2016 (the time interval for most of our data). Trends in TDDs over the period of record ( Figure S1 ) were weak; linear regression and a Mann-Kendall test for monotonic trend for the period 1990-2016 both show positive slopes but non-significant p-values of 0.37 and 0.43, respectively. Trends in TDDs for the period of most of our slump monitoring (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) were clearly non-significant, with p-values of 0.99 and 1.00 for linear regression and the Mann-Kendall test. Permafrost temperatures in the study area are mostly −4 to −7 • C, based on modeling by Panda et al. [38] (Table S2) . Active-layer thicknesses under undisturbed vegetation in the study area are currently approximately 0.5 m (Table S2) [33, 38, 39] .
Precipitation data are available from Noatak RAWS for the summer season; precipitation is important in slump growth processes [30] . For the period of record 1990-2016, precipitation data for June, July, and August were available for all years except 1991, 1999, 2003, and 2016. The mean June-August precipitation was 129 mm, and trends with time for the period of record were weak: a linear regression and Mann-Kendall trend tests have p-values of 0.79 and 0.77, respectively ( Figure S2 ). For the time period of most of our slump observations (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) , the weak upward trend suggested by inspection of Figure S2 is not supported by linear regression or Mann-Kendall test: p-values were 0.36 and 0.39, respectively.
Imagery and Analytical Methods
Most of our measurements were based on the analysis of DEMs and orthophotos that we created by SfM digital photogrammetry. Our main image sources were oblique aerial photos from 2010 to 2012 and vertical aerial photos from 2013 to 2016 (Table S1 ). The oblique photos were taken by D. Swanson from the window of a helicopter or fixed-wing aircraft with a Nikon D700 digital SLR camera and 50 mm lens, on multiple linear passes near the slump. All 22 study slumps have two or three years of these images. The scale of oblique photos varies greatly across any given frame, but the photo centers were generally 200 to 400 m from the camera, yielding a ground resolution at the center of 4 to 7 cm. In one of the years with helicopter access we landed at each of these slumps and marked 5 to 11 ground points in or near each RTS with temporary 1.5 m by 1.5 m square targets that we could identify on the photographs from that date. We then measured the targets' relative positions using a Topcon GTS-235W total station. In one to three years during 2013-2016, M. Nolan took vertical aerial photographs from a fixed-wing aircraft of all of the study slumps except one (NOAT172) using a Nikon D800 digital SLR camera and 24 mm lens at 300 to 600 m above ground level, for an average ground resolution of 6 to 12 cm. Photo centers were located with accuracy of about 10 cm measured by on-board GPS [23] . These photos were taken along pre-determined flight lines to optimize overlap and the photogrammetric bundle adjustment within the processing software (Agisoft Photoscan [40] ). The use of precise coordinates in the photo's exterior orientation eliminated the need for ground control, a major cost and time savings for remote work like this, conducted hundreds of miles from the nearest logistical hubs. Prior studies using this technique [23, 24] have found a geolocational accuracy of 30 cm and a repeatability of 10-20 cm; that is, two maps may have a misfit of up to 30 cm in any direction, but once this mean is removed the random and systematic noise is on the order of 10-20 cm at the 95% RMSE level, depending on acquisition details. This was the first application of modern (SfM) photogrammetry applied to the study of RTS using air control rather than ground control to produce maps that could resolve change at the decimeter to centimeter level.
The pre-2013 photos were georeferenced using the 2013-2016 models by selecting multiple points on landmarks around the slump perimeters on the 2013-2016 models; these points were then located on the earlier (unregistered) 3D models. We used these landmarks as pseudo-ground control points in the photogrammetric bundle adjustment in Photoscan to produced georeferenced models for 2010-2012. The final orthophotographs were resampled to 10 cm and DEMs to 20 cm in most cases. All of the slumps also had two-dimensional (2D) data from IKONOS satellite images (1-m pan sharpened resolution) from 2007 or 2008. Three of the slumps also had vertical digital photos from 2006 or 2008 taken by Tom George with a Nikon D2X camera and 24 mm lens. The slumps thus had data from 4-7 years, of which 3-6 years were 3D data.
We used the ground surveys from 2010 to 2011 as a check on the accuracy of the models created from the 2010-2012 oblique photos. We compared our measurements of distance and elevation change between the targets in the field to those same measurements derived from the DEMs and orthophotos.
For NOAT172, which lacked the aerial georeferencing in any year, and GAAR008, which had just a single flight pass of vertical photos and lower resolution (about 0.4 m), we georeferenced the year 2010 model using the ground survey points and registered other years to this model by landmarks as described above.
The time intervals between photography of any given slump varied: image dates ranged from 21 June through 25 September, and not all slumps were photographed every year. As a result, photos from consecutive years in some cases were separated by the better part of two thaw seasons (e.g., photos from July of year 1 and September of year 2). For this reason, simply dividing the change in slump area or scarp position by the number of calendar days or years separating these visits would be misleading. To correct for the irregular temporal spacing of samples and the fact that growth only occurred during the thaw season, we analyzed slump change in relation to accumulated thaw degree-days (TDDs). Slump growth rates are controlled by complex energy balance conditions at the slump scarp [41] , but TDDs are a convenient integrator of the energy available for slump growth in the absence of detailed energy-balance measurements. We computed the change in slump area and linear change in position of the slump scarp per accumulated TDD using temperature data from the Noatak RAWS ([37] Figure 2 ). The resulting rates are in unfamiliar units of change in area or distance per TDD. Thus we converted them back to the more familiar units of area or distance per year using the mean value of 1237 TDD yr −1 for the Noatak RAWS (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) . We used the mean value for TDD yr −1 because, as noted previously, the annual sum of TDD exhibited year-to-year variation but no consistent trend during the study time interval. Furthermore, because the time intervals between measurements were unique to each slump and incorporated portions of multiple thaw seasons, there was no straightforward way to define what the unique value for TDD yr −1 was for each interval between measurements.
As justification for normalizing growth rates using data from the Noatak RAWS, we note all of the slumps are within about 100 km of the Noatak RAWS and have annual average TDD sums (based on gridded monthly means from [42] similar to the Noatak RAWS (Table S2 ). In addition, our use of thaw degree-days to normalize the time between samples requires only that the annual pattern of TDD, not the absolute values, be similar between sites. For example, we observed 50.75 m of scarp retreat on slump NOAT069 between consecutive visits on 19 July 2011 and 10 September 2012. During this time interval, 1780 TDD accumulated at Noatak RAWS, which was 1780/1237 = 1.44 times the average annual total TDD. The 1780 TDD sum exceeded the average annual value not because of unusual weather, but because significant parts of two thaw seasons separated the sample dates. If we assume that the annual pattern of TDD at slump NOAT069 is similar to the Noatak RAWS, then 1.44 times the annual average TDD should have accumulated between 19 July 2011 and 10 September 2012 at slump NOAT069 also, and the normalized annual growth rate at NOAT069 would be 50.75 × 1237/1780 = 35.3 m yr −1 .
The Noatak RAWS had missing temperature data for about 10% of the days in May-September (i.e., the thaw season) of 2000-2016. We filled missing temperature data at Noatak RAWS with predicted values from a linear regression between thaw season mean daily temperatures at Noatak RAWS and the next closest weather station with data for our period of observation, Kelly RAWS ( Figure 2) [37]. Details of this process are in the Supplementary Materials and Tables S3 and S4. We digitized slump perimeters by hand on the orthophotographs. In some cases the main scarp retreated by formation of long fissures parallel to the scarp, separated by elongate turf blocks [15] . Here, we defined the perimeter of the slump at the uppermost fissure. These features were not readily located by automated means, hence our choice to use manual digitizing. To compute the rates of scarp migration (in linear units per TDD), we manually digitized a baseline up the approximate centerline of the slump and measured linear distance along the centerline from the lower perimeter of the slump to the main scarp. We computed scarp heights along the centerlines at the intersections of the hand-digitized centerlines and slump perimeters as follows. The elevation along the centerline 1 m from the digitized scarp position on the undisturbed side of the scarp was taken as the top of the scarp. The foot of the scarp was found by locating the best fit of two lines to the elevations along the centerline below the scarp ( Figure 3 Our georeferenced orthophotographs from different years displayed sub-meter x-y agreement and were not adjusted further. DEMs from different years also generally showed sub-meter elevation agreement in areas expected to be unchanged (i.e., outside of the slumps). The agreement between DEMs from different dates was evaluated as follows. We created a buffer zone extending from 10 to 50 m outside of the digitized outer perimeter of the slump on the flanks and uphill side. This area was expected to have been unchanged between the two DEM dates. We computed zonal statistics (mean and standard deviation) for the difference between the two DEMs in this buffer zone
Because the slope of the slump below the scarp was constantly changing (due to deposition of material) and often irregular, we related slump growth to the original (undisturbed) slope along the Our georeferenced orthophotographs from different years displayed sub-meter x-y agreement and were not adjusted further. DEMs from different years also generally showed sub-meter elevation agreement in areas expected to be unchanged (i.e., outside of the slumps). The agreement between DEMs from different dates was evaluated as follows. We created a buffer zone extending from 10 to 50 m outside of the digitized outer perimeter of the slump on the flanks and uphill side. This area was expected to have been unchanged between the two DEM dates. We computed zonal statistics (mean and standard deviation) for the difference between the two DEMs in this buffer zone Because the slope of the slump below the scarp was constantly changing (due to deposition of material) and often irregular, we related slump growth to the original (undisturbed) slope along the centerline. The slope was computed by differencing the original (undisturbed) elevations between scarp positions from consecutive samples and dividing by the distance along the centerline between them. We used scarp elevations from the earliest topographic model (2010 in most cases), because this provided undisturbed elevations for the future scarp positions. To reconstruct the undisturbed elevation at the escarpments in 2008 (satellite data from prior to our first models), we interpolated the 2010 contour lines from outside the slump across the disturbed area where this appeared reasonable (i.e., where the slump was narrow and had matching contour lines on either side).We used a linear model [43] to study the relationship between slump growth rate per TDD and slope steepness at the active scarp.
We estimated the dates of inception of slumps from inspection of historical aerial photographs and satellite imagery. These consisted of c. 1955 panchromatic aerial photographs, the Alaska High-Altitude Photography (AHAP) color-infrared photographs from c. 1980, and Landsat images from the 1980s up to the present. We compared these to slump initiation dates for many of the slumps from synthetic aperture radar image analysis in the literature [13] .
Results and Discussion
DEM Agreement
The differences between DEMs from two dates created using vertical photos with airborne GPS were very consistent in the buffer zones (10 to 50 m outside the slump perimeter): standard deviations for the difference between 2013 and 2016 DEMs ranged from 5.0 to 7.6 cm ( Table 1) . These results are comparable to previous results with our mapping system [23, 24] . These low standard deviations allowed us to correct the difference DEMs by simply subtracting a constant correction factor, the mean difference between the DEMs for the buffer zone, which ranged from 0.254 to 0.487 m (Table 1) . Since two standard deviations encompass over 95% of a normal distribution, we can say with better than 95% confidence that any difference between the two DEMs of more than 10 to 15 cm represents a true elevation difference. Note also that the scale of our topographic changes (meters) is an order of magnitude greater than the noise (decimeter). The photo texture was sufficient for image correlation and point cloud generation everywhere on our images except water bodies. DEM differences were noisier in areas of tall shrubs, where SfM point clouds represented both canopy and ground surface. Tall shrub vegetation was present only outside of slump perimeters and thus we did not attempt to filter out canopy points before DEM creation. Similar DEMs may be obtained using LIDAR [23, 44] , but at greater cost due to the much more complex technology involved. Satellite synthetic aperture radar (SAR) data is capable of centimeter-scale elevation measurements, but as yet cannot match the spatial resolution of low-altitude aerial photographs [45, 46] . created from the 2010 to 2012 oblique photos showed tilting or warping relative to the DEMs from the 2013 to 2016 vertical photos and to one another. The resulting statistics for the 10-50 m buffer zone showed low mean differences between the DEMs (because the DEMs from the oblique photos were created using pseudo ground-control points from 2013 to 2016) but high standard deviations due to warping. For example, at slump NOAT148 the mean difference between the 2010 and 2013 DEMs was 0.046 m and the standard deviation was 0.870 m. The distortion of the models based on oblique photos is probably due to a variety of causes including (1) the highly variable scale of these photos (ranging from less than 10 cm in the near foreground to more than a meter in the distant background); (2) the minimal parallax between adjacent photos for more distant background objects, equivalent to a very low photogrammetric base-height ratio; (3) the difficulty for the software in recognizing common features from oblique photos on flight lines of different orientations, which forced us to use single flight passes in some models; and (4) the difficulty in finding precise natural features to use as tie points to the georeferenced models in our study landscape.
Because of this result, we limit our DEM difference analysis to comparisons among the 2013-2016 DEMs. However, comparison of the distances and elevations separating aerial targets on the models created from pre-2013 oblique photos with measurements obtained by total station survey indicate that the internal dimensions of these models are fairly accurate (Table S5 ). The individual distances between survey targets as measured on the models differed from those obtained by total station survey by maximum of 2.5% in the horizontal distance and 1.5% vertical (i.e., 1.5 m elevation error over 100 m of horizontal distance). However, the average error across all 80 test points was just −0.06% horizontally and +0.02 m vertically, which indicates good overall dimensional accuracy of the models (Table S5) . Thus we were able to use the less accurate 2010-2012 models to digitize slump perimeters, and compute slopes and scarp heights.
Ground Ice and Geologic Setting
Exposures in slump main scarps were adequate to observe ground ice characteristics in 16 of the 22 slumps (Table 2 ). Ground ice in these exposures was of three main types. (1) Ten of the 16 slumps with good exposures lacked ice wedges but had a laterally continuous body of glacial ice under 1.5 to 2 m of glacial till (Figure 4 ). This overburden thickness greatly exceeds the typical active-layer thicknesses in the area under undisturbed vegetation (about 0.5 m). Glacial ice fit the criteria of Murton et al. [47] : laterally continuous, massive, aggregate-poor ice containing a range of suspended mineral particles from sand and silt to occasional pebbles and cobbles, and a sharp thaw or erosion upper contact with overlying poorly sorted sediment identified as glacial till. The majority of these slumps were in material mapped as glacial drift from the last glacial maximum (LGM), though four were in sediments mapped as older glacial drift or glaciolacustrine sediments (Table 2) [35] ; (2) Five of the 16 slumps with good exposures had large, dark-colored ice wedges in glacial till or in loess over glacial till ( Figure 5 ). These were the typical late Pleistocene ice wedges that are common in Alaska in frozen sediments that were exposed during the last glacial maximum (e.g., Kanevskiy et al. [48] ). They suggest that the till is from a pre-LGM glacial advance. Of the five slumps with exposed ice wedges, we observed glacial ice under the till in four of the five slumps, and we do not discount the possibility that glacial ice was present but obscured in the remaining one. These spectacular exposures revealed ice wedges penetrating the loess and till and, in a few cases, the underlying glacial ice ( Figure 5) . Four of the five slumps with ice wedges were, as would be expected, in areas mapped as pre-LGM glacial drift [35] (Table 2 ). These drifts were exposed to ice-wedge accumulation during the LGM; (3) Finally, one slump (NOAT265) had a very high escarpment with sediments well exposed that lacked visible massive ice ( Figure 6 ). This area was mapped as possible Quaternary terrace gravel [35] , though observations of poorly sorted, weakly stratified material in the scarp suggest glacial drift. Though lacking visible massive ice, this material was obviously ice-rich, as shown by its liquefaction with thaw. [35] . id1-Itkillik phase I glacial drift, id2-Itkillik phase II glacial drift, igl1-Itkillik phase I glaciolacustrine deposits, tg?-possible Pleistocene terrace gravel. 4 Type of water body at the foot of the slope. The distance from the end of the area obviously disturbed by the slump to the water body is given; where the distance is omitted, the disturbed area contacted the water body directly. Relict Pleistocene glacial ice has been observed in thaw slump escarpments at multiple locations in the Noatak Valley [13, 14] . The total area of Pleistocene glacial drift mapped in the Noatak Valley [35, 49] is about 2900 km 2 . Ice-cored glacial terrain is particularly vulnerable to change as a result of Relict Pleistocene glacial ice has been observed in thaw slump escarpments at multiple locations in the Noatak Valley [13, 14] . The total area of Pleistocene glacial drift mapped in the Noatak Valley [35, 49] is about 2900 km 2 . Ice-cored glacial terrain is particularly vulnerable to change as a result of Figure 6 . Exposure of the main scarp in slump NOAT265. The poorly sorted sediment in this exposure lacked obvious massive ice, but it contained enough ice to produce a zone of saturated mud at its base.
Relict Pleistocene glacial ice has been observed in thaw slump escarpments at multiple locations in the Noatak Valley [13, 14] . The total area of Pleistocene glacial drift mapped in the Noatak Valley [35, 49] is about 2900 km 2 . Ice-cored glacial terrain is particularly vulnerable to change as a result of permafrost thaw [11, 50] . Permafrost temperatures in the upper Noatak Valley are expected to rise from their current levels of −4 to −7 • C up to 0 to −3 • C by the end of the current century (Table S2 ) [38] . Active layers are expected to increase during the same time interval to be near 1 m under undisturbed vegetation [38] , which is less than the 1.5 to 2 m of till overburden that we observed in most slump scarps. Thus we expect that disturbance of the vegetation and organic surface soil, and/or removal of some of the overburden by other erosion processes, will still be required to trigger RTS in the upcoming decades. However, increasing permafrost temperatures and thickening active layers in the future are likely to greatly increase the amount of RTS activity triggered by such local disturbance.
Growth Rates and Environmental Factors
The scarp height and slump growth-rate characteristics were closely related to the slump ground ice characteristics. In an example year (Table 2) , the scarp heights in slumps with exposed ice wedges (3.9 to 8.6 m) were generally taller than the slumps with glacial ice but no ice wedges (1.3 to 3.9 m). The anomalous slump NOAT265, with little exposed ice, had the highest scarp (12.2 m on the centerline). The fastest scarp retreat rates, up to 35 m yr −1 in the example year, were observed in the slumps with glacial ice and no ice wedges. The range of scarp retreat rates for the example year in the slumps with ice wedges (1 to 13 m yr −1 ) overlapped the lower half of the range for slumps with glacial ice only (1 to 35 m yr −1 ). The slumps with poor exposures had slumped material obscuring their escarpments and slow scarp migration rates (less than 2 m yr −1 ). The single most rapid centerline retreat rate was 38 m yr −1 by slump NOAT070 in 2010-2011.
Most of the study slumps grew throughout the study time period, with growth rates steady or declining over time as measured both on an area basis ( Figure 7 ) and as the distance of scarp retreat along the centerline (Figure 8 ). Growth was closely related to the accumulated sum of TDD. Simple quadratic curves fit to area vs. accumulated TDD had regression r 2 values of 0.98 or better in all cases (Table S6) , while quadratic curves fit to scarp position along the centerline vs. accumulated TDD had regression r 2 values of 0.97 or better (Table S7 ). The negative values of the coefficient a (the squared term in the equation) in all except one case in each of Tables S6 and S7 indicate a concave downward curve, i.e., a slowing growth rate per thaw-degree-day over time.
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A plot of scarp retreat rate along the centerline vs. topographic slope (of the undisturbed surface above the scarp) for all the study slumps and available time intervals (Figure 9 ) suggests that very fast scarp movement (e.g., more than 20 m yr −1 ) can occur only on slopes of 5% or more. The blank area in the upper left of Figure 9 probably represents the region where rate of retreat was limited by slope. However, inactive scarps (retreat rates near zero) also occurred on slopes up to 10% (Figure 9 ). Slump growth studies with multiple observations within a single thaw season show slump growth rates to be slower early in the season that would be expected from energy balance measurements [41, 45] . This is probably one source of the error between individual points and the fitted curves of slump growth vs. TDD in Figures 7 and 8 , and we would caution against assuming that slump growth at multiple points within a thaw season will correlate closely with TDD. The good fits between slump growth and TDD we observed support the utility of TDD as a way to normalize measurements taken at irregular intervals of a year or more.
A plot of scarp retreat rate along the centerline vs. topographic slope (of the undisturbed surface above the scarp) for all the study slumps and available time intervals (Figure 9 ) suggests that very fast scarp movement (e.g., more than 20 m yr −1 ) can occur only on slopes of 5% or more. The blank area in the upper left of Figure 9 probably represents the region where rate of retreat was limited by slope. However, inactive scarps (retreat rates near zero) also occurred on slopes up to 10% (Figure 9 ). The topographic slopes of the undisturbed surface along the future slump centerline prior to slumping were concave downward in most cases (Table S8, Figure 10 ), i.e., the slope declined over time as the slumps grew uphill; this suggests that decreasing slope could explain the decreasing growth rates per TDD of the slumps over time. To test the hypothesis that declining slope was responsible for the declining rate of slump growth over time, we fit this linear model
where g is the growth rate of the slump in m per TDD between all consecutive pairs of samples, a and b are regression coefficients, i is the slump identifier, s is the topographic slope of the undisturbed surface, and ":" signifies the interaction of the slump identifier and the topographic slope, i.e., the slope-growth rate relationship was fit separately for each slump. This model was highly significant (p < 0.001) overall, but the relationship between slump growth rate and topographic slope was highly significant (p < 0.05) for just 9 of the 22 slumps. The remainder either had large error or were missing because the topographic slopes were near zero (NA in Table S9 ). All of the slumps with significant growth rate-topographic slope relationships showed the expected positive effect of slope on growth rate. The r-squared value indicates that topographic slope and slump together explain 68% of the variance in slump growth rate per TDD.
The fastest linear growth rates were not associated with the tallest escarpments (the largest circles in Figure 9 ). As mentioned above, the tallest scarp was observed on slump NOAT265 (the two large, black circles on the right in Figure 9 ); this slump was on the steepest slope and had intermediate rates of scarp retreat. The slumps with ice wedges (green in Figure 9 ) had tall scarps, and slow to intermediate scarp retreat rates on a wide range of slopes. The topographic slopes of the undisturbed surface along the future slump centerline prior to slumping were concave downward in most cases (Table S8, Figure 10 ), i.e., the slope declined over time as the slumps grew uphill; this suggests that decreasing slope could explain the decreasing growth rates per TDD of the slumps over time. To test the hypothesis that declining slope was responsible for the declining rate of slump growth over time, we fit this linear model
The fastest linear growth rates were not associated with the tallest escarpments (the largest circles in Figure 9 ). As mentioned above, the tallest scarp was observed on slump NOAT265 (the two large, black circles on the right in Figure 9 ); this slump was on the steepest slope and had intermediate rates of scarp retreat. The slumps with ice wedges (green in Figure 9 ) had tall scarps, and slow to intermediate scarp retreat rates on a wide range of slopes. Slump growth rates along the centerline were not closely related to the compass orientation of the scarp (Figure 11 ). The orientation of the scarp centerline changed little as the slumps grew, but a wide range of orientations were present in the different slumps in our data set. The fastest growth rates were observed on slumps that had west-or north-facing scarps (Figure 11 ). Slumps with maximum growth rates greater than 20 m yr −1 were observed on slopes facing all four cardinal directions (north 315-45°, east 45-135°, south 135-225°, and west 225-315°). Slump growth rates along the centerline were not closely related to the compass orientation of the scarp (Figure 11 ). The orientation of the scarp centerline changed little as the slumps grew, but a wide range of orientations were present in the different slumps in our data set. The fastest growth rates were observed on slumps that had west-or north-facing scarps (Figure 11 Slump growth rates along the centerline were not closely related to the compass orientation of the scarp (Figure 11 ). The orientation of the scarp centerline changed little as the slumps grew, but a wide range of orientations were present in the different slumps in our data set. The fastest growth rates were observed on slumps that had west-or north-facing scarps (Figure 11 ). Slumps with maximum growth rates greater than 20 m yr −1 were observed on slopes facing all four cardinal directions (north 315-45°, east 45-135°, south 135-225°, and west 225-315°). Intuition suggests that greater radiation due to direct sunlight on south-facing slumps should result in faster growth rates, and in one study in northwestern Canada slumps grew faster on southand west-facing slopes [31] . However, energy balance measurements show that other terms in the energy budget, notably sensible and latent heat from the air, can dominate and allow the energy expenditure for ice ablation to greatly exceed net radiation [51] . Indeed, our maximum overall slump growth of 218 m over 7.8 thaw seasons (8 September 2008 to 7 November 2016, 9663 TDD), or about 28 m yr −1 , was on the north-facing slump NOAT069; this shows what ablation can be accomplished with little direct solar radiation. Ice-cliffs on debris-covered glaciers (which are, in essence, escarpments of retrogressive thaw slumps) are more common, steeper, and less debris-covered on north-facing than other aspects, probably as a result of differences in the radiation balance between the upper and lower parts of the scarp [52, 53] . Similar processes may allow our north-facing RTS to maintain growth rates as high or higher than south-facing RTS.
The rates of scarp retreat in this study are similar to those reported in other studies [6, 9, 25, 27, 29, 31, 54] . Correlations between rates of RTS scarp retreat and environmental factors in the literature are somewhat contradictory. Lacelle et al. [31] compared growth rates of RTS in northwestern Canada over 20 years as determined from Landsat images (30 m resolution) with topographic factors (from a DEM of similar resolution) and climatic factors, and found only scarp aspect had a significant correlation. Wang et al. [27, 29] tracked growth rates of 18 RTS for three seasons in northwestern Canada with on-the-ground measurements and found a positive relationship with scarp height, but not aspect. Wang et al.'s plot of scarp retreat rates vs. slope was similar to ours: inactive slumps were present across a range of slopes; the fastest retreat rates were on moderate slopes (about 14%), with declining maximum growth rates on steeper and gentler slopes. Slopes of at least 7% were needed for growth of coastal RTS in northwestern Canada [55] . Our view is that the factors of topographic slope, scarp aspect (and related measures of solar radiation), summer warmth, and scarp height should all have some effect on slump growth rate, but that these effects can easily be overwhelmed by the unique effects of ground ice and sediment characteristics of each individual slump. Within the lifespan of a single slump, aspect varies little but slope at the scarp can vary as the scarp migrates. Thus, in the growth of a particular slump, the slope and ground ice conditions are likely to control the rate of growth.
Reconstructing Initiation Dates and Predicting Future Slump Growth
Disturbed, bare soil from the current episode of slump activity was first visible at many of the study slumps in the mid-2000s (Table 3 ). The initiation of these slumps probably resulted from the unusual weather of 2004, which had a very early and wet spring followed by a warm summer [13] .
The slumps that started in the mid-2000s decade appear to have grown at rates since their inception that are roughly predictable from what we observed 2008-2016. If we extrapolate back in time the quadratic curves fit to the observed area growth, most of the curves for slumps that started in the mid-2000s intersect the x-axis (the point where the slump area was zero) within a few years of their observed initiation dates (Table 3 ). These extrapolations are most accurate for slumps where our data encompasses most of the growth, and not for slumps such as NOAT247 and NOAT248, which grew little since our monitoring began in 2008. Clearly, to understand the early growth of a new slump requires timely acquisition of imagery. The ability to mobilize quickly and target a specific area is an advantage of digital aerial photographs. Once located, slumps are long-lived features that can be readily resampled with digital aerial photographs. Table 3 . Initiation years and previous slumping activity on the study slumps.
1 From Balser [13] , who used synthetic aperture radar images with approximately 25 m resolution to identify the timing of slump initiation. ND-no data. 2 Based on Landsat images, c. 1980 Alaska High-Altitude (AHAP) color-infrared aerial photographs, and c. 1955 panchromatic aerial photographs (this study). The second date refers to the time of reactivation after a period of stability prior to 2004. 3 X-intercept of quadratic curves fit to area vs. thaw degree-day plot ( Figure 7 and Table S6 ). 4 Change in area between the first and last samples in this study (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) for most slumps), as a percentage of the area at the last sample.
The close fit of quadratic models to the slump growth rates vs. TDD (Figures 7 and 8) suggests that the growth rate for an individual slump is predictable in the near future (e.g., the next one or two thaw seasons). As a test of our ability to predict growth in the near future from our data, we omitted the last observation, fit quadratic curves to the remaining 3 to 6 years of slump growth data, and used the fitted curve to predict the last observation. For the 22 slumps the mean percent error in predicting slump area at the last observation was −0.2% of the final area (standard deviation 7.2%); for linear growth along the centerline, the mean prediction error was 1.4% of the final length (standard deviation 5.8%).
Prior Slumping and Active-Layer Detachments
Fourteen of the 22 slumps occurred on ground undisturbed by previous slumping, based on interpretation of aerial photographs from about 1980, the Alaska High-Altitude Photography (AHAP) photo set (Table 3 ). In the other eight cases, the current slumps overlapped areas that had previously slumped, but all had expanded outside of previous slump boundaries to varying degrees. Five of these 8 slumps had visibly stabilized and revegetated prior to the re-activation in [2004] [2005] , and thus only three were clearly active prior to the 2004-2005 initiation event. Re-occurrence of RTS on the footprint of earlier slumps is common [3, 8, 10, 26, 56] . Repeated slumping shows that the prior pass by the main scarp of an RTS did not exhaust the supply of ground ice. Relict glacial ice provides particularly favorable conditions for repeated slumping, because many meters of nearly pure ice may be present. We observed about 1.5 m of reworked glacial till over glacial ice in main scarps cutting previously slumped areas (Figure 12 ). This indicates that 1.5 m of sediment was enough to accommodate the active layer on the previous slump floor, and allowed the ice below to be preserved in permafrost. As discussed below, most of the sediment released by thaw at the scarp in our slumps was deposited on the slump floor nearby, which presumably facilitates re-establishment of the active-layer in the sediment overburden and preservation of the remaining ice in permafrost, though locally some subsidence continues. Active-layer detachments (ALD) immediately preceded the RTS at two of our locations. ALD are shallow mass movements that typically occur over the course of a few weeks in one thaw season [57] . In slump NOAT265, ALDs that developed around 2004 were visible extending uphill from the slump ( Figure 13) . Removal of the insulating vegetation and soil by the ALD probably triggered the slump [15] . In slump NOAT172, the debris fan consisted of a wrinkled mass of material, typical of an ALD, that was nearly completely vegetated at our earliest sample dates (2008 and 2010), soon after this slump's inception in 2005. In NOAT172, growth of the RTS has apparently completely obscured the initial ALD footprint. ALD triggering of RTS activity has been observed elsewhere [8, 12, 58] . Removal of vegetation and a meter or so of the insulating surface soil by an ALD clearly could trigger melt of underlying massive ice. One factor limiting this effect is that ALD typically occur on somewhat steeper slopes than most of our RTS. The optimal slope range for ALD, based on DEM analysis of hundreds of ALD in the vicinity of our study area, was estimated to be 10 to 33% [12] or 9 to 38% [13] . Only two of our slumps (NOAT172 and NOAT265, the two with ALD precursors) had slopes that fell completely within this optimal range. Figure 12 . Main scarp of slump NOAT151 in an area that had previously slumped and revegetated. About 1.5 m of reworked glacial till (A) was over debris-rich glacial ice (B). The mud-water slurry formed by melt at the scarp is below (C). main scarp migrated uphill, so did the zone of sediment accumulation. Examination of orthophotographs for all slumps except NOAT265 (discussed further below) show little change in the lower parts of the slump floors beyond slow growth of vegetation. The cross-sections of slump NOAT070 (Figure 10 ) through time also illustrate the stability of the lower part of the slump floor. Slump NOAT148 (Figure 15 ) during the 2013-2016 period was growing slowly and mainly by subsidence, without obvious downslope sediment transport; the scattered blue patches indicating elevation increase on this slump's floor probably represent vegetation growth, not land surface change. Slumps NOAT070 and NOAT151 (Figures 14 and 16 ) also show continued minor subsidence between 2013 and 2016 at various places on the floor of the slumps. All of the study slumps terminated within about 100 m or less of a lake, small stream, or river (Table 2 ). In five of the 22 slumps, the fan or lobe of sediment originating in the slump failed to reach the nearby water body, though some sediment from these slumps probably reached the water body in runoff. In the remaining 17 slumps, disturbed ground from the slump proper, or its debris fan, directly contacted the water body, indicating active sediment supply to the water body initially. However, the results in the previous paragraph suggest that the amount of sediment reaching the adjacent water bodies declined greatly as the scarps migrated away from the water body. All of the study slumps terminated within about 100 m or less of a lake, small stream, or river (Table 2 ). In five of the 22 slumps, the fan or lobe of sediment originating in the slump failed to reach the nearby water body, though some sediment from these slumps probably reached the water body in runoff. In the remaining 17 slumps, disturbed ground from the slump proper, or its debris fan, directly contacted the water body, indicating active sediment supply to the water body initially. However, the results in the previous paragraph suggest that the amount of sediment reaching the adjacent water bodies declined greatly as the scarps migrated away from the water body.
The sediment gains in Figures 1 and 14-16 amounted to just a quarter to a third of the volume loss near the scarp. The missing volume was probably mostly ground ice that melted and ran off as liquid water.
Slump NOAT265, a steep slump located directly on the Noatak River, was an exception to the rule that most of the sediment was deposited near the active scarp during the study time interval. This slump had a typical viscous, water-saturated sediment zone near the active scarp and drier, stable sediment below. But orthophotographs reveal that in NOAT265, active downslope movement was not restricted to the viscous zone near the scarp: narrow earth flows and sediment-charged runoff channels transported sediment all the way to the Noatak River (Figure 17) . NOAT265 was the only slump where earth flows were observed, which was undoubtedly related to the steeper slope (17-19%) of this slump (Figure 9 ; NOAT265 is colored black).
This slump had a typical viscous, water-saturated sediment zone near the active scarp and drier, stable sediment below. But orthophotographs reveal that in NOAT265, active downslope movement was not restricted to the viscous zone near the scarp: narrow earth flows and sediment-charged runoff channels transported sediment all the way to the Noatak River (Figure 17) . NOAT265 was the only slump where earth flows were observed, which was undoubtedly related to the steeper slope (17-19%) of this slump (Figure 9 ; NOAT265 is colored black). 
Conclusions
We studied the growth of 22 retrogressive thaw slumps in the Noatak River valley from 2010 to 2016 using novel airborne photogrammetric methods. Our airborne photogrammetry using DSLR cameras dates back to the infancy of the structure-from-motion airborne photogrammetric movement and is, to our knowledge, the longest such time-series in the study of RTS. We used two main photogrammetric systems, which proved to have different capabilities. Our post-2013 dense collections of vertical aerial photographs coupled with camera GPS locations accurate to about 10 cm 
We studied the growth of 22 retrogressive thaw slumps in the Noatak River valley from 2010 to 2016 using novel airborne photogrammetric methods. Our airborne photogrammetry using DSLR cameras dates back to the infancy of the structure-from-motion airborne photogrammetric movement and is, to our knowledge, the longest such time-series in the study of RTS. We used two main photogrammetric systems, which proved to have different capabilities. Our post-2013 dense collections of vertical aerial photographs coupled with camera GPS locations accurate to about 10 cm yielded DEMs with noise of less than ±15 cm. These DEMs could be differenced to discover subtle topographic changes over large areas without requiring any ground control, an essential cost-cutting feature to a sustainable monitoring program in such a remote location. Our earlier DEMs and orthophotographs created mostly from oblique aerial photographs without accurate camera locations (and then registered to the post-2013 models) proved useful for measuring two-dimensional slump growth, ground slopes, and scarp heights but were difficult to use for DEM differencing and related computations of volume. Thus, in the future, vertical photos with accurate camera GPS locations are preferred, but oblique digital aerial photos taken opportunistically without accurate camera locations could still be used to obtain some useful 3D information.
Measurements made on DEMs and orthophotographs showed that slumps with a thin layer of glacial till (1.5 to 2 m) over glacial ice had moderate scarp heights (generally 1-4 m) and the highest rates of scarp migration, up to about 38 m yr −1 . Slumps with large Pleistocene ice wedges exposed in their main scarps had thicker overburdens over glacial ice and higher scarps (up to about 10 m), but moderate scarp migration rates of up to about 15 m yr −1 .
The lower portions of the slumps stabilized as the scarps retreated, and sedimentation was predominantly on the slump floor within 40 m of the active scarp. The zone of active sedimentation shifted uphill in parallel with retreat of the scarp. Thus sedimentation in water bodies adjacent to the slumps declined greatly as the slumps retreated uphill. The volume of sediment deposited in the zone of accumulation was a third or less than the sediment volume lost by scarp retreat, as a result of ground ice melt and runoff.
One slump (NOAT265) did not fit the generalizations described above. It had the highest main scarp (up to 16 m), the steepest slope (17% to 19%), and it lacked visible massive ice in the scarp exposure. This slump shed sediment onto the full length of its debris fan and into the adjacent Noatak River through the duration of the study. Thus slope may be useful to predict whether or not a slump will continue to cause sedimentation of an adjacent water body.
Most of the study slumps were reactivated or initiated in 2004-2005 and grew at steady or gradually declining rates since that time. The declining growth rates were probably due mainly to the slumps encountering more gentle slopes as they expanded uphill. The growth of individual slumps as measured at intervals of one to three years was closely related to the sum of TDD, and this relationship could be used to extrapolate into the past or the near future. Table S1 : Slump locations and sample events. Table S2 : Slump climate and elevation data. Table S3 : Days of missing temperature data from the Noatak RAWS, May-September, 1990-2016. Table S4 : Missing data from both the Noatak and Kelly RAWS, May-September 1990-2016. Table S5 : Summary of differences between dimensions measured on georeferenced models and by a total station on the ground. 
